Introduction
============

Many cancers contain small population of highly tumorigenic and intrinsically drug-resistant cancer stem cells (CSCs). CSCs with elevated expression of the CSC-related molecules such as CD44, Oct4, Nanog, β-catenin and several ATP-binding cassette (ABC) transporters, have the ability to self-renew and high tumorigenic potential, and have been associated with resistance to chemo- and radio-therapy [@B1], [@B2]. Therefore, therapeutic strategies that specifically target CSCs are likely to be effective in eradicating tumors and in reducing the risk of relapse and metastasis.

Heat shock protein 90 (Hsp90) has emerged as a major pharmaceutical target in cancer therapy, since Hsp90 is known to bind and stabilize a wide range of proteins with activity in the cell cycle, signal transduction and transcription, many of which are widely implicated in cancers [@B3]. Indeed, drugs aimed at inhibiting Hsp90 have been shown to possess multiple intracellular targeting capacities and could potentially be active against many types of cancer through degradation of a large number of client proteins [@B4]. It has been known that Hsp90 is required for the activity of the pluripotency transcription factors such as Oct4, Nanog and c-Myc, which are essential for maintaining stemness, and prevents them from degradation by the ubiquitin proteasome pathway [@B5], [@B6], and for stabilization of mutant p53 (mut p53) in cancer cells as well [@B7], suggesting a fundamental requirement of Hsp90 for CSC phenotype. In addition, Hsp90 has an approximately 100-fold greater affinity for its inhibitors in cancer cells than in normal cells due to multi-chaperone complexes of Hsp90 in an activated, high-affinity conformation, enabling selective targeting of Hsp90 of cancer cells [@B8], [@B9]. However, direct inhibition of Hsp90 leads to disruption of complexes of Hsp90 with heat shock factor 1 (HSF1), thereby causing HSF1-mediated induction of cytoprotective heat shock proteins (Hsps) such as Hsp70 and Hsp27, which contribute to resistance to Hsp90 inhibitors [@B10]. Moreover, HSF1 activation increases expression of multidrug resistance 1 (*ABCB1*, *MDR1*)/P-glycoprotein (P-gp) [@B11], and subsequently P-gp-mediated efflux of Hsp90 inhibitor [@B10]. Therefore, prevention of the Hsp90 inhibitor-mediated rebound induction of cytoprotective Hsps and P-gp is required to use Hsp90 inhibitor as an anti-cancer drug.

It has been known that several markers associated with CSCs are involved in multidrug resistances. CD44 is a multifunctional transmembrane glycoprotein expressed in many cells and tissues [@B12]. It has been reported that CD44 is a key regulator of human acute myeloid leukemic stem cells to maintain their stem cell properties [@B13], and is required for the homing and engraftment of BCR-ABL-expressing leukemic stem cells [@B14]. ABC transporters, which are important determinants in acquiring drug resistance by exporting drugs out of cells, are often expressed highly in CSCs, greatly reducing effectiveness of many anti-cancer drugs [@B1], [@B15]. Among the ABC transporters, *ABCG2* (breast cancer resistance protein, BCRP) and *ABCB1(MDR1)*are preferentially expressed in CSCs [@B16]. Hyaluronan-CD44 interaction activates Nanog-Stat-3-mediated *MDR1* gene expression, and ankyrin-regulated multidrug efflux in breast and ovarian tumor cells [@B17]. The Wnt/β-catenin signaling pathway activation increases MDR1 expression through binding of β-catenin to the *MDR1*promoter in chronic myeloid leukemia (CML) [@B18]. The promoter regions of ABC transporter genes involving *MDR1* and *ABCG2* are known to contain binding sites for the Oct4, which is also considered a marker of tumor stem cells [@B19], and it has been demonstrated that Oct4 overexpression enhanced whereas Oct4 knockdown reduced liver cancer cell resistance to chemotherapeutic drugs in vitro and in xenograft tumors [@B20]. The emerging notion that mutations in p53 play a major role in formation of CSCs is greatly supported by the correlation between tumors expressing mut p53 alleles and their undifferentiated phenotype. Indeed, mut p53 was shown to allow stem-like phenotype in breast and lung cancers [@B21] and transcriptionally induced the expression of *MDR1* gene by stimulating its promoter [@B22], whereas wild-type p53 repressed the expression of CD44, Nanog and Oct4 [@B23], [@B24]. Therefore, many CSC-related molecules are considered to be responsible for acquisition of drug-resistance in CSCs.

In addition, there are some evidences showing that inhibition of histone deacetylase (HDAC) may be useful to inhibit CSCs. Indeed, SIRT1, a class III HDAC, directly bind to and deacetylates c-Myc and depletion/inhibition of SIRT1 reduces c-Myc stability [@B25]. Chemical inhibitors of HDAC are able to deplete Nanog with concomitant suppression of Oct4 and Sox2 [@B26]. In addition, inhibition of SIRT1 increases acetylation of mut p53 in p53-mutated human keratinocytes cell line [@B27], and acetylation of some mut p53 protein prevents its function, possibly through a conformational change [@B28]. Therefore, we speculated that inhibition of HDAC could augment the effectiveness of Hsp90 inhibitors through inactivation of the CSC-related molecules such as c-Myc, Nanog, Oct4 and mut p53, as well as ABC transporters.

Here, we provide the first line of evidence that combination of Hsp90 inhibitor and SIRT1 inhibitor would be a more effective therapeutic approach to target CML-stem like cells such as CD44^high^CML K562 cells exhibiting many CSC-related molecules.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Human K562 CML cell line was obtained from American Type Culture Collection (Manassas, VA). CD44^high^ K562 cells were established during isolation of imatinib-resistant K562 cells after treatment with increasing concentrations of imatinib, and were stable in complete medium without imatinib. The profile of cell surface CD44 expression was carried out on both cells and gated using mouse anti-human CD44-FITC (BD Biosciences, San Jose, CA, USA).We also used CD44^+^HCT-15 cells with high CD44 expression and CD44^-^HCT-15 cells with low CD44 expression isolated from human colon cancer cell line HCT-15 [@B29]. Cells were maintained in RPMI medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v⁄v) heat-inactivated FBS (Gibco BRL, Life Technologies, Carlsbad, CA, USA), 100 U⁄ml penicillin and 100 mg⁄ml streptomycin (Sigma-Aldrich, St.Louis, MO, USA) in a 5% CO~2~ humidified incubator at 37°C. 17-AAG and AUY922 were purchased from Enzo Life Sciences Inc. (Farmingdale, New York, USA) and Selleck Chemicals (Houston, TX, USA), respectively. EX527 was purchased from BioVision Inc. (Milpitas, CA, USA). Amurensin G, a natural SIRT1 inhibitor, was supplied Dr. Oh (Seoul National University, Seoul, Korea) as described previously [@B30].

Cell proliferation assay
------------------------

Cell proliferation was measured by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Exponentially growing cells (2x10^4^ cells/well) were plated in plated in a 96-well plate and incubated in growth medium containing the indicated concentrations of 17-AAG (or AUY922) and/or amurensin G (or EX527) at 37°C for 96 h. Inhibition of cell proliferation was expressed as percentages of untreated control cell growth. At least two separate experiments were performed in triplicate.

Real-time reverse transcription PCR (RT-PCR)
--------------------------------------------

Total RNA was isolated by using TRIzol reagent (Invitrogen) according to the manufacturer\'s instructions. The RNA from each sample was transcribed to cDNA TOPscript TM RT -DryMIX(Enzynomics, Daejeon, South Korea). During real time PCR, 6-carboxyl fluorescein was used as the fluorescent reporter dye to detect amplified cDNA. Real time PCR was performed by the SYBR Green real time PCR method using 2X Power SYBR® Green PCR Master Mix (Applied Biosystems, CA, USA) using Rotor-Gene Q system (QIAGEN, Hilden, Germany) to subject the samples to denaturation at 95°C for 15 min followed by cycles of denaturation at 95°C for 20 s, annealing at 60°C for 30 s and elongation at 72°C for 30 s. Each sample was tested in triplicate to ensure statistical significance. Quantification of the relative gene expression was performed using the comparative *C~T~*method. In all experiments, Actin was used as the endogenous control. *ABCG2* (forward) 5\'-GACAGTTTCCAATGACCTGA-3\' and (reverse) 5\'-TTACATTTGAAATTGGCAGG-3\'; *ABCB1* (forward) 5\'-GGAAGCCAATGCCTATGACTTTA-3\' and (reverse) 5\'-GAACCACTGCTTCGCTTTCTG-3\'; *Hsp70* (forward) 5\'-GGAAGATCCCTCGAGATCCA-3\' and (reverse) 5\'-AGCATGGCAGTCACTTGCTC-3\'; *Hsp27* (forward) 5\'-ATGGCGTGGTGGAGATCACC-3\' and (reverse) 5\'-CAAAAGAACCACCAGGTGGC-3\'; *Beta-actin* (forward) 5\'-ACCAACTGGGACGACATGGA-3\' and (reverse) 5\'-GTGAGGATCTTCATGAGGTA-3\'.

Western blot analysis
---------------------

Protein samples were separated by SDS-PAGE and blotted to nitrocellulose membrane (Hybond-ECL, GE Healthcare). The membrane was incubated with antibody as specified, followed by secondary antibody conjugated with horseradish peroxidase. Specific antigen-antibody complexes were detected by enhanced chemiluminescence (PerkinElmer, Life science, USA). Western blot analysis was performed with the following antibodies: CD44, Oct4, β-catenin, SIRT1 and phospho Lyn (Cell Signaling Technology, MA, USA), Hsp27, c-Myc, CD34 (Epitomics, CA, USA), p53, PARP, Bcl-2, Bax, HSF1, P-gp, Bcr-Abl, NF-κB and STAT5 (Santa Cruz Biotechnology, CA, USA), Hsp70, Hsp90 (Enzo Life Sciences, Inc. NY, USA), BCRP (Signet Laboratories, Inc., Dedham, MA, USA) and β-actin (Sigma-Aldrich, St. Louis, MO, USA).

siRNA Transfection
------------------

The siRNAs used for the targeted silencing of SIRT1 (5′-CUAAUCUAGACCAAAGA AUdTdT-3′), and nonspecific scrambled control (5′-CUUCCCGAAAACUUGAGACdTdT-3′) were purchased from Bioneer (Daejeon, Republic of Korea). In brief, CD44^high^ K562 cells (2x10^5^ cells/ml) were seeded on 6-well plates and transfected with indicated concentration of SIRT1siRNA or control siRNA using oligofectamine reagent. After 48 h, cells were treated with 17-AAG for an additional 24 h and collected for western blotting to determine the levels of indicated proteins.

Flow-cytometric dye-efflux assay
--------------------------------

Cell suspension (500 μl) of CD44^high^ K562 cells treated with 17-AAG and/or amurensin G for 24 h incubated with 0.5 μg/ml rhodamine 123 (Rho123), a fluorescent substrate of P-gp, at 37°C for 30 min. After incubation, the cells were washed with ice-cold PBS and further incubated at 37°C for 3 h to allow P-gp-mediated drug efflux. Cells were pelleted by centrifugation at 500×g and resuspended in PBS. Cellular fluorescence was analyzed immediately by using a FACS flow cytometer (FACScalibur, BD Biosciences, San Jose, CA).

Statistical analysis
--------------------

A Student\'s t-test was used to calculate the statistical significance of the experimental data and the level of significance was set as \*P \< 0.05, \*\*P \< 0.01 and \*\*\*p \< 0.001.

Results
=======

CD44^high^K562 cells exhibit higher expression of various CSC-related molecules and resistance to a variety of anti-cancer drugs in comparison to parental K562^wt^cells
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CD44^high^K562 cells, which exhibited higher resistance to imatinib, were obtained by continuous exposure of parental K562 (K562^wt^) cells to imatinib (Fig.[1](#F1){ref-type="fig"}A). The phenotypes of K562^wt^ and CD44^high^ K562 leukemia cells were determined with flow-cytometric analysis (Fig. [1](#F1){ref-type="fig"}B), showing that CD44^high^ K562 cells were highly enriched in CD44-positive population (89.98 %) as compared with K562^wt^ cells (2.96 %). Interestingly, CD44^high^ K562 cells showed higher protein levels of various CSC-related molecules (Oct4, CD34, β-catenin, c-Myc, mut p53), ABC transporter (BCRP and P-gp), Hsp90, SIRT1 and HSF1 as compared with those of K562^wt^ cells (Fig. [1](#F1){ref-type="fig"}C, *left panels*). In addition, the expression level of Bcr-Abl was remarkably lower than that of K562^wt^ cells. Since it has been demonstrated that some resistance to imatinib is associated with an acquired BCR-ABL-independent signaling characteristics [@B31], [@B32], we determined BCR-ABL-independent signaling molecules. The levels of phosphorylated Lyn, NK-κB and Bcl-2 were increased and the levels of STAT5 and Bax were decreased in CD44^high^ K562 cells compared with K562^wt^ cells (Fig. [1](#F1){ref-type="fig"}C, *right panels*). These results indicated that CD44^high^K562 CML cells might be leukemic CSCs with BCR-ABL-independent signaling characteristics.

One characteristic of CSCs is believed to be responsible for resistance to chemotherapeutic drugs, possibly due to enrichment of ABC transporter proteins in CSCs and resultant rapid and effective efflux of drugs out of the cells [@B19]. Therefore, to determine the chemo-resistant property of CD44^high^ K562 cells, the cells were treated with various chemotherapeutic drugs including vinblastine (VBL), etoposide (VP16), doxorubicin (DOX), vincristine (VCR) (Fig. [2](#F2){ref-type="fig"}A) and Hsp90 inhibitors including 17-allylamino-17-demethoxy-geldanamycin (17-AAG), an ansamycin Hsp90 inhibitor, and NVP-AUY922 (hereafter called AUY922), a non-ansamycin Hsp90 inhibitor (Fig. [2](#F2){ref-type="fig"}B). Our data showed that CD44^high^K562 cells exhibited resistance to Hsp90 inhibitors as well as chemotherapeutic drugs involving imatinib compared with K562^wt^cells, suggesting that CD44^high^ K562 cells are enriched in CSCs with chemo-resistance phenotype.

The up-regulated CSC-related molecules in CD44^high^K562 cells are suppressed by SIRT1 inhibition
-------------------------------------------------------------------------------------------------

Since it has been showed that SIRT1 inhibition hinders BCR-ABL transformation of hematopoietic stem cells and CML disease development, suggesting that SIRT1 facilitates gain of function of CSC properties [@B33], [@B34], we determined if depletion of SIRT1 could modulate the up-regulated CSC-related molecules in CD44^high^K562 cells. When SIRT1 was knock-downed in CD44^high^ K562 cells with increasing amounts of SIRT1 siRNA, the levels of CD44, Oct-4, β-catenin, c-Myc, mut p53, P-gp and BCRP were decreased dose-dependently (Fig. [3](#F3){ref-type="fig"}A). Since CD44 knockdown was associated with down-regulation of HSF1 [@B35], the levels of HSF1 and its target genes including Hsp 90 and Hsp70 were also determined. As expected, all of them were down-regulated after depletion of SIRT1 in CD44^high^ K562 cells (Fig. [3](#F3){ref-type="fig"}A). Since it has been known that Hsp90 is required for the activity and stability of the pluripotency transcription factors such as Oct4, Nanog and c-Myc [@B5], [@B6], and for stabilization of mut p53 in cancer cells [@B7], the effect of 17-AAG on the expression of Hsps, CSC-related molecules and proapoptotic proteins in CD44^high^ K562 cells was investigated in the presence or absence of SIRT1 inhibition with siRNA. The expression of CD44, Oct4, mut p53 and c-Myc was not significantly affected by treatment with 17-AAG alone, but was remarkably down-regulated by combined treatment of 17-AAG with SIRT1 siRNA. Moreover, the 17-AAG-stimulated induction of Hsp70/Hsp27 and BCRP/P-gp was suppressed by SIRT1 inhibition, which causes both up-regulation of Bax and cleavage of PARP (Fig. [3](#F3){ref-type="fig"}B). Similar results were obtained with combination treatment of AUY922 and SIRT1 siRNA (Fig. [3](#F3){ref-type="fig"}C), or 17-AAG and amurensin G, a potent natural SIRT1 inhibitor [@B30], in CD44^high^ K562 cells (Fig. [4](#F4){ref-type="fig"}A). These results were followed by a significant suppression of 17-AAG-mediated mRNA induction of *Hsp70*, *Hsp27*, *ABCB1* and *ABCG2* genes by combined treatment with amurensin G in CD44^high^ K562 cells (Fig. [4](#F4){ref-type="fig"}B). These results suggested a possibility that the effects of Hsp90 inhibitor can be potentiated by SIRT1 inhibition in CSCs.

SIRT1 inhibitor blocks P-gp (or BCRP)-mediated efflux activity of Hsp90 inhibitor in CD44^high^K562 cells
---------------------------------------------------------------------------------------------------------

Since hyaluronan receptor CD44 forms complexes with multidrug transporters, BCRP and P-gp in the plasma membrane, and disassembly of CD44-transporter complexes with hyaluronan oligomers induces internalization of CD44, BCRP, and P-gp, and consequently, suppresses drug transporter activity and increases sensitivity to anticancer drug [@B36], we examined whether SIRT1 inhibition blocks multidrug transporters-mediated efflux activity in CD44^high^ K562 cells, using a flow cytometric functional efflux assay based on the extrusion of rhodamine 123 (Rho 123), a fluorescent substrate of P-gp (Fig. [5](#F5){ref-type="fig"}A) and Hoechst 33342, a fluorescent substrate of BCRP (Fig. [5](#F5){ref-type="fig"}B). When CD44^high^ K562 cells treated with 17-AAG, Rho123 efflux was rather increased, possibly due to induction of P-gp, but amurensin G significantly suppressed efflux of Rho 123. Moreover, combined treatment of amurensin G and 17-AAG suppressed remarkably the efflux of Rho 123 in CD44^high^K562 cells, which was consistent with the down-regulation of P-gp in CD44^high^ K562 cells after combined treatment with 17-AAG and SIRT1 siRNA (Fig. [4](#F4){ref-type="fig"}). Since BCRP may also function to decrease cellular accumulation of 17-AAG in CD44^high^K562 cells, we examined the effect of amurensin G on BCRP-mediated efflux using Hoechst 33342 (Fig. [5](#F5){ref-type="fig"}B). When CD44^high^ K562 cells treated with 17-AAG, Hoechst 33342 efflux was increased like Rho 123 efflux, possibly due to induction of BCRP, but amurensin G significantly suppressed efflux of Hoechst 33342. Moreover, combined treatment of amurensin G and 17-AAG suppressed remarkably the efflux of Hoechst 33342 in CD44^high^K562 cells, which was consistent with the down-regulation of BCRP in CD44^high^ K562 cells after combined treatment with 17-AAG and amurensin G (Fig. [4](#F4){ref-type="fig"}). These results suggest that SIRT1 inhibitor is highly effective to increase an efficacy of Hsp90 inhibitors possibly through down-regulation of P-gp/BCRP.

Resistance to Hsp 90 inhibitors in CD44^high^K562 cells is overcome by SIRT1 inhibition
---------------------------------------------------------------------------------------

Since SIRT1 inhibition resulted in suppression of the up-regulated CSC-related molecules in CD44^high^K562 cells, it was determined if SIRT1 inhibition could reverse the resistance of CD44^high^ K562 cells to Hsp90 inhibitors. When CD44^high^ K562 cells were treated with Hsp90 inhibitor (17-AAG or AUY922) after SIRT1 knock-down, the sensitivity of the cells to 17-AAG or AUY922 was significantly enhanced in comparison with treatment with 17-AAG or AUY922 alone (Fig. [6](#F6){ref-type="fig"}A and B). To further examine the potential relationship between SIRT1 activity and sensitivity to Hsp90 inhibitor in CD44^high^ K562 cells, we tested the combination effect of Hsp90 inhibitors with SIRT1 inhibitors in the cells. When CD44^high^ K562 cells were co-treated with 17-AAG and amurensin G or EX527, a known chemical inhibitor of SIRT1 [@B37], there was a significant dose-dependent potentiation of 17-AAG-induced cytotoxicity against CD44^high^ K562 cells by amurensin G or EX527 (Fig. [7](#F7){ref-type="fig"}A). Similarly, the combination effect of AUY922 and SIRT1 inhibitor (amurensin G or EX527) was observed in CD44^high^ K562 cells (Fig. [7](#F7){ref-type="fig"}B). These results demonstrated that the susceptibility of CD44^high^K562 cells to Hsp90 inhibitors can be significantly enhanced by SIRT1 inhibitors.

To confirm the reversal of resistance to Hsp90 inhibitor by SIRT1 inhibitor in other cancer stem-like cells, we used CD44^+^HCT-15 cells with high colony forming activity and CD44^-^HCT-15 cells with poor colony forming activity separated from human colon cancer HCT-15 cells [@B29]. Like CD44^high^K562 cells, CD44^+^ HCT-15 cells were resistant to 17-AAG compared with CD44^-^HCT-15 cells (Fig. [8](#F8){ref-type="fig"}A), and amurensin G or EX527 potentiated sensitivity of CD44^+^ HCT-15 cells to 17-AAG (Fig. [8](#F8){ref-type="fig"}B). Therefore, our results strongly suggest a sensitization of cancer stem-like cells to Hsp90 inhibitors by SIRT1 inhibition.

Discussion
==========

Despite the success of imatinib in controlling patients with CML, it has been shown that some patients become resistant to imatinib in the later stages of CML. The resistance to imatinib of CML cells is mainly mediated by mutations within the kinase domain or up-regulation of Bcr-Abl [@B38], [@B39]. However, in some patient disease progression may be mediated by BCR-ABL-independent mechanism caused by the high expression of tyrosine-phosphorylated Lyn, a member of the Src kinase family [@B31], [@B32]. It has been shown that Jak2 inhibition suppressed tumor formation caused by IM-resistant K562-R cells, which have reduced BCR-ABL expression and limited activation of BCR-ABL signaling cascades [@B31], [@B40], [@B41]. In the present study, we have demonstrated that combination of Hsp90 inhibitor and SIRT1 inhibitor could be an effective therapeutic approach to target CML-stem like cells exhibiting multidrug resistance to current therapies and high expression of several CSC-related molecules as well as reduced BCR-ABL expression and increased Lyn expression.

CD44^high^ K562 cells exhibited higher expression of CSC-related molecules such as CD44, Oct4, Nanog, CD34, c-Myc, mut p53 as well as ABC transporters BCRP and P-gp, and were more resistant to various chemotherapeutic drugs and Hsp90 inhibitors compared with K562^wt^ cells. There are several evidences showing that the stemness genes are involved indirectly in drug resistance. Hyaluronan-CD44 interaction activates Nanog-Stat-3-mediated *MDR1* gene expression, and ankyrin-regulated multidrug efflux in breast and ovarian tumor cells, and human mesenchymal stem cells [@B17], [@B42], and suppression of CD44 inhibits the tumorigenicity and multidrug resistance in colon and ovarian cancer-initiating cells [@B43], [@B44]. Oct4 also mediates chemotherapeutic drug resistance in liver cancer cells through a potential Oct4-AKT-ATP-binding cassette G2 pathway [@B20]. Myc protein positively regulates*MDR1*gene promoter by interaction with E-box-related motifs and alters ABC transporter expression [@B45], and β-catenin binds to the *MDR1* promoter and increases P-gp expression [@B18]. In addition, mut p53 may be involved transcriptional activation of the *MDR1* gene and drug resistance [@B46].

Recently, Hsp90 inhibitors are being considered as promising anticancer drugs, since Hsp90 can stabilize a wide range of signaling molecules implicated in cancers [@B3]. However, they have limitations as effective anticancer drugs due to drug efflux and rebound activation of HSF1 by Hsp 90 inhibitors. SIRT1 is known to be necessary to maintain the stability of HSF1 after activation and to prevent its rapid degradation, and down-regulation of SIRT1 results in a release of the acetylated HSF1 from its cognate promoter elements [@B47], [@B48]. In our experiments, depletion of SIRT1 by siRNA in CD44^high^ K562 cells resulted in a significant reduction of the MDR-related CSC molecules such as CD44, Oct-4, β-catenin, c-Myc and mut p53, BCRP and P-gp, which were increased in CD44^high^ K562 cells compared with K562^wt^ cells, and additionally decreased the levels of HSF1 and Hsp70/Hsp27. Therefore, our results suggest that inhibition of SIRT1 may repress directly or indirectly the expression of the MDR-related CSC molecules and inhibit the expression of Hsps, possibly through down-regulation of HSF1, and consequently may enhance the anti-cancer effect of Hsp90 inhibitors. This hypothesis was supported by findings showing the significant suppression of the 17-AAG-mediated induction of Hsp70/Hsp27 as well as ABC transporters-mediated efflux activity after treatment with SIRT1 siRNA or amurensin G in CD44^high^ K562 cells. Currently, we do not understand all aspects of the reasons why depletion of SIRT1 resulted in a significant reduction of the MDR-related stem cell markers, which were increased in CD44^high^ K562 cells. Recently, it has been shown that the expression of CD44 and BCRP was decreased by treatment with HDAC inhibitors including suberoylanilide hydroxamic acid and trichostatin A in squamous cell carcinoma of the head and neck [@B49], indicating that the expression of CD44 and BCRP can be regulated by various HDACs including SIRT1. The level of β-catenin can be increased by SIRT1 [@B50], and indirectly by HSF1 via induction of the RNA-binding protein HuR, which stabilize mRNA and/or enhance translation [@B51]. It has been reported that depletion of HSF1 induces destabilization of mut p53, which may contribute to the evolvement of CSCs [@B7], [@B52]. Therefore, these findings might support a significant reduction of various MDR-related CSC molecules in CD44^high^ K562 cells by depletion of SIRT1.

Here, we showed that the sensitivity of CD44^high^K562 cells to Hsp90 inhibitors was profoundly enhanced by SIRT1 knock-down or treatment with SIRT1 inhibitors. Since SIRT1 inhibition suppressed 17-AAG-mediated Hsp70/Hsp27 induction and P-gp (or BCRP)-mediated 17-AAG efflux activity and also accelerated down-regulation of the MDR-related CSC molecules, we suggest that these complicated mechanism of SIRT1 inhibition may be involved in overcoming resistance of CD44^high^ K562 cells against Hsp90 inhibitor, and therefore combination treatment with Hsp90 inhibitor and SIRT1 inhibitor is more effective than each drug alone in eliminating CD44^high^K562 cells. Taken together, our data showed for the first time that combined treatment with Hsp90 inhibitor and SIRT1 inhibitor would be a novel therapeutic approach to target CSCs that are resistant to current therapies.
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![**Identification of CD44^high^ K562 cells and the difference in expression of CSC-related and other molecules between K562^wt^and CD44^high^ K562 cells.** A. Both cells were treated with various concentrations of imatinib for 96 h. Percentage of cell survival was determined after 96 h of incubation using MTT assay. Each bar represents the mean ± S.D. of triplicate experiments. \*\*\*p \< 0.001. B: the cell surface expression of CD44 was quantified by flow cytometry after labeling both cells with anti-CD44 antibody. C: The protein levels of CD44, Oct4, CD34, β-catenin, c-Myc, mut p53, BCRP, P-gp, Bcl-2, Hsp90, Bcr-Abl, phospho-Lyn (p-Lyn), NF-κB, Bax and STAT5 in both cells were determined by western blot analysis. β-Actin (Actin) is used as a loading control of both cells.](ijbsv11p0923g001){#F1}

![**Differential sensitivity of K562^wt^ and CD44^high^ K562 cells to chemotherapeutic drugs and Hsp90 inhibitors.** Both cells were treated with various concentrations of vinblastine (VBL), etoposide (VP16), doxorubicin (DOX) and vincristine (VCR) (A), 17-AAG and AUY922 (B) for 96 h. Percentage of cell survival was determined after 96 h of incubation using MTT assay. Each bar represents the mean ± S.D. of triplicate experiments. \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](ijbsv11p0923g002){#F2}

![**Effect of SIRT1 depletion on the expression of CSC-related molecules and HSF1/Hsps and on Hsp90 inhibitor-mediated regulation of these molecules in CD44^high^ K562 cells.** A: Cells treated were transfected with the indicated dose of 20 nM non targeted control siRNA (NT) or 20\~100 nM SIRT1 siRNA (SIRT1) for 48 h, and western blot analysis was performed to monitor indicated protein levels. B: Cells were transfected with of 20 nM NT or SIRT1 siRNA for 48 h were additionally treated with indicated doses of 17-AAG or AUY922 for 24 h, and whole cell lysates of each transfectant were analyzed by western blotting to measure changed expression of indicated proteins.](ijbsv11p0923g003){#F3}

![**Inhibition of protein levels of CSC-related molecules and Hsps, and activation of pro-apoptotic cascade by amurensin G, and suppression of mRNA levels of 17-AAG-mediated induction of *Hsp70/Hsp27* and *ABCB1/ABCG2* genes by amurensin G in CD44^high^ K562 cells.** A: Cells were pretreated with amurensin G (5 μg/ml) for 6 h, and treated with 17-AAG (1 or 10 μM) for additional 24 h, and the indicated proteins were detected by western blot analysis. CF; cleavage fragments. B: Relative mRNA levels of *Hsp70/Hsp27* and *ABCB1/ABCG2* genes in the cells treated with 17-AAG alone and co-treated with 17-AAG and amurensin G were determined by real time RT-PCR. Each bar represented the mean ± S.D. of triplicate experiments. \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001 *vs.* control, ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01 and ^\#\#\#^*p* \< 0.001, 17-AAG alone vs. combination with amurensin G.](ijbsv11p0923g004){#F4}

![**Effect of SIRT1 inhibitors on P-gp (or BCRP)-mediated efflux activity of Hsp90 inhibitors in CD44^high^ K562 cells.**Cell suspension isolated from the cells treated with 17-AAG (5 μM) or in the presence or absence of AG (5 μg/ml) or for 12 h. And then these are incubated with rhodamine 123 (A) or Hoechst 33342 (B) and further incubated at 37 °C for 4 h to allow P-gp (or BCRP) transporter-mediated efflux. Cellular fluorescence was analyzed immediately by using flow cytometer.](ijbsv11p0923g005){#F5}

![**Sensitization of CD44^high^ K562 cells to Hsp90 inhibitors by SIRT1 depletion.**Cells were transfected with of 20 nM SIRT1 siRNA (siSIRT1) or a nonspecific control siRNA (siCON). After 48 h of transfection, the cells were treated with serial concentrations of 17-AAG (A) or AUY922 (B). Percentage of cell survival was determined after 96 h of incubation using MTT assay. Each bar represents the mean ± S.D. of triplicate experiments. \*\*p \< 0.01 and \*\*\*p \< 0.001.](ijbsv11p0923g006){#F6}

![**Potentiation of cytotoxicity of Hsp90 inhibitor in CD44^high^ K562 cells by SIRT1 inhibitors.** Cells were treated with serial doses of 17-AAG (A) or AUY922 (B) in the presence or absence of amurensin G (0.1- and 10 μg/ml) or EX527 (10- and 50 nM). Percentage of cell survival was determined after 96 h of incubation using MTT assay. \* p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001.](ijbsv11p0923g007){#F7}

![**Resistance of CD44^+^ HCT-15 cells to Hsp90 inhibitor and sensitization of CD44^+^ HCT-15 cells to Hsp90 inhibitor by SIRT1 inhibitor.** A: CD44^+^ HCT-15 \[CD44 (+)\] and CD44^-^HCT-15 \[CD44 (-)\] cells were treated with serial doses of 17-AAG. B: CD44^+^ HCT-15 cells were treated with serial doses of 17-AAG in the presence or absence of amurensin G (1 μg/ml) or EX527 (50 nM). Percentage of cell survival was determined after 96 h of incubation using MTT assay. \* p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001.](ijbsv11p0923g008){#F8}
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